ABSTRACT Hydration water is vital for various macromolecular biological activities, such as specific ligand recognition, enzyme activity, response to receptor binding, and energy transduction. Without hydration water, proteins would not fold correctly and would lack the conformational flexibility that animates their three-dimensional structures. Motions in globular, soluble proteins are thought to be governed to a certain extent by hydration-water dynamics, yet it is not known whether this relationship holds true for other protein classes in general and whether, in turn, the structural nature of a protein also influences water motions. Here, we provide insight into the coupling between hydration-water dynamics and atomic motions in intrinsically disordered proteins (IDP), a largely unexplored class of proteins that, in contrast to folded proteins, lack a well-defined threedimensional structure. We investigated the human IDP tau, which is involved in the pathogenic processes accompanying Alzheimer disease. Combining neutron scattering and protein perdeuteration, we found similar atomic mean-square displacements over a large temperature range for the tau protein and its hydration water, indicating intimate coupling between them. This is in contrast to the behavior of folded proteins of similar molecular weight, such as the globular, soluble maltose-binding protein and the membrane protein bacteriorhodopsin, which display moderate to weak coupling, respectively. The extracted mean square displacements also reveal a greater motional flexibility of IDP compared with globular, folded proteins and more restricted water motions on the IDP surface. The results provide evidence that protein and hydration-water motions mutually affect and shape each other, and that there is a gradient of coupling across different protein classes that may play a functional role in macromolecular activity in a cellular context.
INTRODUCTION
Water is an integral part of protein structures, mediates macromolecular recognition, modulates ligand binding and allosteric effects, reacts in biochemical processes, and participates in electron and proton transfer (1) . The formation of a productive enzyme-substrate complex, for instance, is preceded by a slowing of water motions in the protein hydration layer (2) , providing strong evidence that water is indeed actively involved in macromolecular biological activity (3) . Furthermore, water plays essential roles via its unusual hydrogen-bond dynamics, which contributes to the hydrophobic effect in protein folding and modulates macromolecular flexibility through formation and breaking of hydrogen bonds at the protein-water interface (4) . Consequently, it has been proposed that macromolecular dynamics is controlled by hydration-water dynamics (5) not only at the macromolecule's surface but also in its interior (6) . Whereas the influence of hydration water on the dynamics of folded, soluble proteins has been studied extensively (4, 7, 8) , little is known about the coupling of hydration water in the case of IDPs. The corollary aspect of dynamical coupling, viz., the influence of protein motions on water motions, also remains largely unstudied, mostly because of experimental difficulties in directly accessing water dynamics. Before we can draw a more general picture of protein-water dynamical coupling, we need to study different protein classes and protein effects on hydration-water dynamics. Here, we focused on the largely unexplored class of IDPs and directly assessed their hydration-water dynamics by studying perdeuterated proteins using elastic incoherent neutron scattering (EINS).
IDPs are, by definition, proteins that function without the requirement of a well-defined, unique three-dimensional (3D) structure in isolation (9, 10) . Approximately 30% of eukaryotic proteins are thought to be either fully or partially disordered (11) , and it seems that evolution selected disorder to go with species complexity. IDPs fulfill specific biological roles in cells (12, 13) that are often dependent on their partial folding upon interaction with a functional partner (14) . This is the case for the microtubule-associated tau protein, which folds partially upon binding to tubulin. Tau has attracted considerable attention because its abnormal intracellular deposition as so-called paired-helical filaments is one of the main hallmarks of Alzheimer disease (15) . Other IDPs are also prone to aggregate into amyloid fibrils, and as such are involved in many neurodegenerative diseases (e.g., the b-amyloid peptide and a-synuclein in Alzheimer disease and Parkinson disease, respectively (16) ). Tau has six isoforms, ranging from 352 to 441 residues in length, that are generated through alternative splicing in the central nervous system (17) . The proposed biological role of tau involves stabilization of microtubules, which is regulated through specific phosphorylation (15) . If aberrant hyperphosphorylation of tau occurs, the protein's repeat domains, which have a propensity for b-sheets (18) and b-turns (19) , form cross-b-structures and aggregate into paired helical filaments (20) . As is generally the case for IDPs (21) , tau has a large content of polar and charged residues compared with that of hydrophophic residues, which prevents the protein's hydrophobic collapse into a folded structure. As a consequence, tau likely features a much larger solvent-accessible surface compared with a globular protein of similar molecular weight. One might suspect, therefore, that the coupling of hydration-water dynamics with tau dynamics, and with IDP dynamics in general, would differ in nature and strength from that observed for a folded, globular protein. Yet, no experimental evidence directly addressing this issue has been reported.
Neutron scattering is a unique experimental method that provides direct access to molecular dynamics on a nano-to picosecond timescale and angstrom (Å ) length scale (22) . The incoherent scattering of neutrons by a biological sample is largely dominated by hydrogen nuclei, whose incoherent scattering cross section is~40 times larger than those of other nuclei, including deuterium, the stable isotope of hydrogen. Because hydrogen atoms are homogeneously distributed throughout a protein and located mainly in amino acid side chains (~84% for tau), the mean-square displacement (MSD) extracted from EINS experiments yields information concerning averaged side-chain motions and thus provides a measure of a protein's global flexibility (23) . Because the INS cross section of deuterium is much lower than that of hydrogen, one can employ specific deuteration to mask the contribution of the labeled part in a sample. Perdeuterating a protein and then hydrating it in H 2 O minimizes its contribution to the INS signal, and therefore it is mostly the water dynamics that is measured, despite the limited deuterium-hydrogen exchange (7, (24) (25) (26) . In contrast to x-ray crystallography, which provides atomic-resolution structural information on hydration water (27) , and to NMR (28) and time-resolved fluorescence spectroscopy (29) , which provide site-resolved dynamical information on hydration water on the nano-to picosecond timescale, neutron scattering yields an average but modelfree amplitude of nano-to picosecond water motions on the angstrom length scale. Conversely, when a natural-abundance protein is hydrated in D 2 O, the protein dynamics can be directly measured by INS. To focus on hydration water in our neutron scattering experiments, we examined hydrated powders that were devoid of bulk water. A hydrated powder of a medium-sized globular, folded protein at 0.4 g water/g protein is sufficient to ensure macromolecular biological activity (30, 31) and is thought to correspond to monolayer water coverage of the protein surface (30) . This level of hydration is six times lower than that of a typical animal cell containing~75% water by weight (32) . Previous 17 O magnetic relaxation dispersion experiments suggested that the dynamic perturbation factor of water in hydrated protein powders is increased 1-2 orders of magnitude compared with the free hydration layer of a protein in solution (33) . Therefore, it is important to examine samples at the same hydration level if protein and hydration-water dynamics are to be compared among different classes of proteins, as was the case in this study.
Here, we employed EINS to examine powders of hydrogenated and deuterated tau, hydrated in D 2 O and H 2 O, respectively, to study hydration water and IDP motions separately but on the same protein. The extracted MSDs reveal a greater motional flexibility of IDP compared with globular, folded proteins in powders hydrated at the same level and more restricted water motions on the IDP surface. The comparison of MSDs across different protein classes reveals a gradient of coupling between hydration-water and protein motions, which is tightest in IDP and loosest in membrane proteins.
MATERIALS AND METHODS

Expression and purification of unlabeled and perdeuterated htau40 protein
The htau40 isoform of the tau protein was expressed in the Institut LaueLangevin/European Molecular Biology Laboratory (ILL-EMBL) Deuteration Laboratory (Grenoble, France) as a histidine-tagged fusion protein in Escherichia coli BL21(DE3) following protocols that will be published in detail elsewhere (A. Laganowsky, J.-P. Colletier, and D. Eisenberg., unpublished results) in its hydrogenated (H-tau) and perdeuterated (D-tau) forms. Briefly, a high-cell-density fermentation process with Enfors minimal medium (34) was used to grow bacteria to an OD 600 of 12-14, followed by induction of protein expression by isopropyl-b-D-thio-galactoside to a final concentration of 0.5 mM. Bacteria were harvested when an OD 600 of 20 was reached. To obtain deuterated tau, E. coli cells were grown in D 2 O minimal medium with d 8 -glycerol (fully deuterated glycerol) as the carbon source and D 2 O as solvent. The expressed protein was purified by immobilized-metal-ion-affinity chromatography on a nickel affinity column, followed by size-exclusion chromatography. For purification of both D-tau and H-tau samples, H 2 O-based buffer systems were used. The crude protein extract was incubated with the nickel resin in 20 mM Tris pH 8, 500 mM NaCl, washed three times with 10 mM imidazole, 5 mM b-mercaptoethanol (BME), and 1 M, 500 mM and 250 mM sodium chloride, respectively. Protein was eluted with 250 mM imidazole, 5 mM BME, and 300 mM sodium chloride. Eluted fractions containing tau were pooled and dialyzed against 500 mM ammonium acetate and loaded on a Sephacryl S200 size-exclusion column that was previously equilibrated with the same buffer. The eluted fractions were pooled. Protein purity was assessed by 12% Tris-Tricine SDS-PAGE.
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Small-angle x-ray scattering Small-angle x-ray scattering (SAXS) experiments on H-tau (4.7 mg/ml) in H 2 O, 20 mM Tris pH 8.0, 150 mM NaCl were performed at 15 C in a glass capillary on the ID14-3 BioSAXS beamline at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The sample-detector distance was 2.6 m, yielding Q-range from 0.005 to 0.56 Å À1 for an x-ray wavelength of 0.931 Å (13.32 keV). The absence of radiation damage was verified by 10 successive exposures, each of 10 s duration. The final exposure time was 100 s for all samples and buffers. The 2D diffraction patterns were normalized to an absolute scale and azimuthally averaged to obtain the intensity profiles I(Q) (see Fig. S1 in the Supporting Material) within BSxCuBE (ESRF beamline data collection software). Solvent contributions (buffer backgrounds collected before and after every protein sample) were averaged and subtracted from the corresponding protein sample using the program PRIMUS (35) . The same program was used to extract the radius of gyration (R g ) in a Q-range with Q max R g ¼ 1.
Multi-angle laser light scattering
We performed size-exclusion chromatography coupled with multi-angle laser light scattering (MALLS) to assess the monodispersity, oligomerization state, and average molecular weight of the purified H-tau. For each point on the size exclusion chromatogram, the amount of light at various angles was recorded and converted directly into a molecular weight value, because the size of the particle was much lower than the wavelength. We then obtained the average molecular weight from the weight distribution across the elution peak. We used a 690 nm laser and a DAWNEOS detector (Wyatt Technology, Santa Barbara, CA), and processed the data with the use of ASTRA software (Wyatt Technology). The size-exclusion chromatography column was equilibrated in 150 mM NaCl, 20 mM Tris, pH 8.
Electron microscopy
We verified the absence of paired helical filaments in the H-tau sample in solution before lyophilization by electron microscopy employing negative staining with uranyl acetate and 0.5 mg/ml H-tau in H 2 O.
Sample preparation for EINS and neutron diffraction experiments
The tau solutions were flash-cooled in liquid nitrogen and then lyophilized. Because ammonium acetate is volatile, the samples did not contain any residual salt. The lyophilized protein powders were dried over P 2 O 5 for 4 days on a 4Â3 cm 2 flat aluminum sample holder. Dolman and co-workers (36) reported that after such a procedure, lysozyme retains only four tightly bound structural water molecules. The resulting hydration level was defined as corresponding to 0 g water/g tau. Dry H-tau (149 mg) and D-tau (204 mg) powders were then rehydrated over pure D 2 O and H 2 O, respectively, up to a hydration level of 0.44 g D 2 O/g H-tau (H-tau-D 2 O sample) and 0.38 g H 2 O/g D-tau (D-tau-H 2 O sample) as determined by weighting, corresponding in both cases to 1040 water molecules per tau molecule. Samples were then sealed by an aluminum cover (0.3 mm neutron path length) and a 1 mm indium seal. The two closed samples were used for all neutron (spectroscopy and diffraction) experiments described herein.
If we assume that all exchangeable hydrogens in the H-tau and all exchangeable deuterons in the D-tau protein (i.e., 24% of all hydrogens/ deuterons in the protein) exchange, we can calculate the following contributions to the total incoherent scattering cross section of the samples: (7) .
To determine the MSD of dry tau powder, 104 mg of H-tau was placed in a 4Â3 cm 2 aluminum sample holder and dried over P 2 O 5 for 4 days (H-tau-dry sample). The sample holder was then sealed with a 1 mm indium seal and closed with an aluminum cover.
Natural-abundance (hydrogenated) horse-heart myoglobin (Mb) was purchased as a lyophilized powder (Sigma, St. Louis, MO) and 125 mg were dried over P 2 We extracted atomic MSDs (hu 2 i) using the Large Array Manipulation Program of ILL from the Q dependence of the elastic intensity, which can be described in the Gaussian approximation by
This expression remains valid as long as Q 2 hu 2 i % 2. MSDs were extracted in the range of 0.19 Å À2 < Q 2 < 1.13 Å À2 for the D-tau-H 2 O sample (Fig. S2 B) , and in the range of 0.19 Å À2 < Q 2 < 1.32 Å À2 for the Htau-D 2 O (Fig. S2 A) (Fig. 1 B; also see Fig. 4 ).
Neutron diffraction on H-tau-D 2 O as a function of the hydration level
We determined the hydration threshold above which the presence of crystalline ice at 200 K indicates the presence of bulk-like water in addition to hydration water with a second H-tau-D 2 O sample by making use of the neutron diffraction option on IN16 (40) . The presence of hexagonal crystalline ice (I h ; space group P6 3 /mmc) was indicated by its 1 0 0 reflection at 2q ¼ 107 (l ¼ 6.27 Å ). I h was present at 0.8, 0.7, and 0.6 but not at 0.5 and 0.4 g D 2 O/g H-tau.
Neutron diffraction on D-tau-H 2 O to exclude the formation of paired helical filaments
We examined the same D-tau-H 2 O and H-tau-D 2 O samples as used for neutron spectroscopy on the D16 diffractometer at the ILL with a wavelength of 4.75 Å . The samples were placed perpendicularly to the incident neutron beam, and the diffraction pattern was measured at room temperature in a Q-range of 0.35-1.42 Å À1 . Cross-b-structures, such as those found in paired helical filaments of neurofibrillary tangles, are characterized by peaks at 1.33 Å À1 (0.47 nm) and 0.59 Å À1 (1.07 nm) (20) . The absence of any such diffraction peak indicated that no neurofibrillary tangles had formed in the samples.
RESULTS
Biophysical characterization of H-tau and D-tau
The human htau40 isoform (the longest and most commonly found isoform of human tau with 441 residues; 45 kDa; UniProt entry code P10636-8 (Isoform Tau-F); referred to as tau throughout this work) was expressed and purified in its hydrogenated (H-tau) and perdeuterated (D-tau) forms. H-tau in solution was analyzed by SAXS and found to be monodisperse, with a radius of gyration of 63 Å in accordance with published data (41 
EINS experiments
To examine the protein and water dynamics separately, we conducted EINS experiments as a function of temperature (ranging from 20 to 300 K) on H-tau-D 2 O and D-tau-H 2 O powders, respectively. Atomic MSDs were extracted and compared with values based on previously reported data (7) for deuterated and hydrogenated MBP powders hydrated in H 2 O and D 2 O, respectively (Fig. 1) . (7) were reexamined for MSD extraction in the same Q 2 -ranges as for tau. Errors are shown for selected high-temperature data points and are smaller at lower temperatures (not shown). Data were measured on the IN16 spectrometer at the ILL, Grenoble, France.
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We monitored the protein dynamics by using the temperature-dependent MSD of side-chain motions as determined for H-proteins hydrated in D 2 O (Fig. 1 A) . In an empirical approach based on a quasi-harmonic approximation, an effective force constant can be extracted from the slope of the MSD versus temperature (23) . This force constant corresponds to the average structural resilience of the protein in the respective temperature range. Above 250 K, this constant is two times lower for tau than for MBP. At room temperature, MSDs are 50% larger for tau than for MBP. Interestingly, the differences in MSD between tau and MBP ( Fig. 1 A) by far exceed the small differences observed between the MSDs of folded, globular proteins of different sizes, viz., MBP (387 amino acid residues; 43 kDa), Mb (153 residues; 17 kDa), and RNase (124 residues; 14 kDa), all hydrated at a level of~0.4 g D 2 O/g hydrogenated protein (Fig. 2) . EINS experiments were also carried out on a dry tau powder (H-tau-dry sample), and the MSDs compared with that of dry RNase (38) . Above 220 K, the MSDs of H-tau-dry are larger than those of a dry RNase powder (Fig. 3) .
By examining the deuterated proteins hydrated in H 2 O, we were able to obtain direct information about the hydration-water dynamics, because the protein signal was largely masked (see Materials and Methods section for details). Below 230 K, the hydration water of tau and MBP displayed similar MSDs (Fig. 1 B) . Above 230 K, the MSDs of hydration water were smaller for tau than for MBP. The MSDs of tau and its hydration water were determined in several independent experiments and on two different neutron backscattering spectrometers (IN16 (37) at the ILL, and SPHERES (44) at the Jülich Center for Neutron Science at FRM II, Garching, Germany), both of which monitor motions on a nano-to picosecond timescale. Almost identical MSDs were obtained (see Fig. S3 and Fig. S4 ), indicating the accuracy with which MSD can be determined by EINS.
One can assess the degree of coupling between protein and hydration-water dynamics by comparing the temperature dependences of their MSDs (Fig. 4) . For the disordered tau, the protein and water MSDs largely follow each other up to 250 K (Fig. 4 A) , whereas they diverge above 220 K for the folded MBP (Fig. 4 B) .
DISCUSSION
Increased side-chain flexibility of intrinsically disordered tau At temperatures above 260 K, the MSDs of side-chain motions in the hydrated IDP tau are larger than those in the folded, globular protein MBP (Fig. 1 A) . At room temperature, they differ by 50%. The associated effective force constant, which expresses the average structural resilience of the protein, is two times lower for tau than for MBP. Thus, the IDP is characterized by increased flexibility and reduced resilience compared with folded proteins of various sizes (Figs. 1 A and 2) . The increased flexibility may be due to differences in the amino acid composition of IDP and folded proteins (IDPs have a large content of polar and charged residues compared with that of hydrophophic residues), because different types of amino acids display different nano-to picosecond dynamics (45) . An additional or alternative explanation for increased IDP flexibility above 260 K could be increased conformational freedom of the backbone that propagates to increased side-chain flexibility in EINS experiments. Our results are in line with quasi-elastic neutron scattering experiments on hydrated powders of intrinsically disordered casein proteins, which showed that they display higher flexibility than folded proteins (46) . However, hydrated powders of folded wild-type and partially unfolded mutant staphylococcal nuclease displayed similar MSDs (47), as did hydrated powders of native and denatured lysozyme (48) . Interestingly, unfolded tRNA showed smaller MSDs than folded tRNA (49) , in contrast to the opposite behavior of proteins. Even in the absence of hydration water, tau is characterized at room temperature by larger MSDs than are dry folded proteins (Fig. 3 ), in line with results obtained on dry powders of folded wild-type and partially unfolded mutant staphylococcal nuclease (47) . Whether disordered (Fig. 1 A) or denatured, proteins thus display a much broader dynamical spectrum than do their folded counterparts (Fig. 2) . Tau adopts different partially folded conformations when it interacts with microtubules than when it interacts with biological membranes (50). The energy landscape of IDPs in general is described as being rather flat (51) , which would rationalize the rapid structural adaptation to their targets or binding partners in a cellular context. The greater side-chain flexibility of tau, on the nano-to picosecond timescale, relative to the folded proteins MBP, Mb, and RNase, may reflect a rapid interconversion between the different conformational substates (structural rearrangements) that are required for tau to bind to microtubules.
Restricted hydration-water motions on the surface of IDPs
The MSDs of the hydration water of tau are smaller than those of MBP above 230 K (Fig. 1 B) , indicating that the disordered nature of the tau protein surface hinders and confines water motions, in contrast to the behavior of folded globular proteins. Most probably, the side chains of IDP interact predominantly with their surrounding aqueous environment, and not with each other. Consequently, the lower water mobility of tau can be explained by geometrical constraints imposed by side chains being involved in more interactions with hydration-water molecules in IDPs than in folded proteins. It is interesting to note, however, that crystalline ice formed at 200 K when tau powders were hydrated at levels above 0.5 g water/g tau, indicating that the first hydration layer does not seem to involve more water molecules than are found around MBP, even though the solvent-accessible surface of tau is three times larger than that of MBP.
A recent 17 O magnetic relaxation dispersion study of a small folded protein of 76 amino acids and its unfolded mutant in solution indicated that the rotational mobility of hydration water is greater in unfolded protein than in folded protein (52) . In contrast, chemically denatured proteins have been shown to display reduced water mobility with respect to the folded state, and the hypothesis has been put forward that they are in a compact conformation that hinders water motion (53) . Taken together (52, 53) , these results may indicate that the more compact the unfolded state of a protein is, the more its water dynamics will be perturbed. In analogy, the reduction in the hydration-water MSD of tau compared with MBP suggests that in the tau sample, water is confined, possibly by a rather compact conformation of the unfolded protein. In agreement with the reduced MSD of tau hydration water found in this study, previous solid-state NMR relaxation experiments showed the activation energy of hydration water motions to be 50% larger for IDPs than for globular proteins (54) . Intrinsic protein disorder thus shapes and modifies protein hydration, leading to hydration-water properties that differ among different classes of proteins. For example, in a study by Awile et al. (55) , molecular-dynamics simulations of nudix hydrolase from Deinococcus radiodurans showed a lower hydration free energy for the disordered segments of the protein. Because the organism contains several IDPs that are thought to be involved in recovery after desiccation and are not present in nonextremophile homologs, the authors hypothesized that disordered regions may allow the protein to stay in intracellular patches of residual water, and suggested a new function for disordered regions, viz., to serve as hydrators (55) .
Gradient of coupling with hydration-water dynamics across different protein classes
One can assess the coupling between dynamics of hydration water and proteins by comparing the temperature dependence of their respective MSDs (Fig. 4) . With increasing temperature, they largely follow each other up to 250 K in the case of tau, but separate at 220 K in the case of MBP. The coupling with hydration-water dynamics is thus tighter for an IDP than for a folded, globular protein. In the case of membrane proteins, the onset of hydration-water translational motions at 200 K does not affect the nano-to picosecond dynamics of the underlying membrane, as evidenced by the temperature-dependent water and protein MSDs (24) , and membrane-protein motions have been shown to be coupled to lipid rather than to water motions (56) . Thus, there exists a gradient of coupling with hydration-water motions across different protein classes. The coupling decreases in strength from IDPs to globular-folded and finally membrane proteins. The slowing down of DNA dynamics compared with RNA dynamics has been suggested to be accompanied by a slowing down of water dynamics (57) . A coherent picture thus emerges in which hydration water, rather than being a mere epiphenomenon, is an integral part of the biologically active protein. It is the delicately balanced give-and-take that occurs between a biological macromolecule's structural dynamics and those of its hydration water, rather than a master-slave relationship (5) , that governs macromolecular function in a cellular context.
SUPPORTING MATERIAL
Experimental details on complementary experiments on the SPHERES spectrometer at FRMII, four figures and a reference are available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)00580-2.
